The conventional scanning techniques are not directly extendable for 3D real-time imaging because of the time necessary to acquire one volume. Using a linear array and synthetic transmit aperture, the volume can be scanned plane by plane. Up to 1000 planes per second can be scanned for a typical scan depth of 15 cm and speed of sound of 1540 m/s. Only 70 to 90 planes must be acquired per volume, making this method suitable for real-time 3D imaging without compromising the image quality. The resolution in the azimuthal plane has the quality of a dynamically focused image in transmit and receive. However, the resolution in the elevation plane is determined by the fixed mechanical elevation focus.
Introduction
In the last years the interest in 3-D ultrasound imaging has been constantly increasing. However, due to technological 0-7803-6365-5/00/$10.00 0 2000 IEEE limitations, there is only one real-time 3-D scanner [ 11, which uses 2-D matrix transducer arrays. Most other scanners employ conventional linear arrays to scan the volume of interest plane-by-plane, and then the information is reconstructed in a workstation. For a typical scan-depth of 15 cm and speed of sound 1500 m/s, the time for scanning a single plane consisting of 100 scan lines is 20 ms. Because of the long acquisition time for a single plane, this method has a low frame rate. Another draw-back is the non-uniform resolution in the elevation and azimuth planes. The latter can be solved by using 1.5-D arrays, but the frame rate remains low.
The frame rate can be increased by employing a sparse transmit synthetic aperture as suggested in [2] . In this approach only a few emissions are used per plane. If only 5 emissions were used, the time for scanning the plane is reduced from 20 ms to 1 ms, increasing the frame rate 20 times.
Previously a method for increasing the resolution of ultrasound images obtained by a fixed-focus transducer was suggested in [3] . In this approach the fixed focal point is treated as a virtual source of ultrasound, and the recorded RF lines are post focused to increase the resolution. This paper suggests the combination of the two methods to improve both the frame rate and the resolution, since the linear array transducers are usually focused in the elevation plane. The planes are scanned one-by-one using synthetic transmit aperture focusing, and then the beamformed scan lines from the planes are refocused in the elevation plane to increase the resolution.
The paper is organized as follows. Section 2 gives the theory behind the methods and how the two methods are combined. The results from simulations and measurements are given in Sections 3 and 4, respectively. Finally the conclusions are drawn in Section 5.
Theoretical background
The following sections give the theoretical background for obtaining images using a synthetic aperture imaging and for performing post focusing. 
Synthetic transmit aperture
When a single element of a linear array ultrasound transducer is excited, a spherical acoustic wave is created, provided that the element is small enough. The back scattered signal carries information from the whole region of investigation. In receive the RF lines in all directions are beamformed in parallel. Then another transmit element is excited and the process is repeated. The beamformed RF lines are summed after N,, elements have been used in transmit. The beamforming process is shown in Fig. 1 and can be described as follows:
where 1 is the number of the scan line, t is time relative to the trigger of the current transmit, rk, ( t ) is the signal received by the jth element after transmitting with the kth element. a[kj(t) and q k j ( t ) are the applied apodization factor and delay, respectively. Nxdc is the number of transducer elements, and N,,, 5 Nxdc is the number of emissions. The index of the transmitting element k is related to the number of the current emission i by a simple relation f. k is equal to i, when N,,, = Nxdc. Only some of the transducer elements are used in transmit if N,,, < Nxdc, and a sparse transmit aperture is formed [2] . Because the delay q k , ( t ) is applied only in receive, and is a function of time, the image is dynamically focused in transmit and receive assuming a linear and stationary propagation medium.
Figure 2: Forming a virtual array from the focal points of the scanned lines Figure 2 shows a transducer in the elevation plane at several successive positions. The wave-front below the focal point can be considered as a spherical wave within a certain angle of divergence [3] , and the focal point can be treated as a virtual source of ultrasound energy. The 3D volume is scanned by translating the transducer in the elevation direction in steps of Ay. The focal points lie on a line parallel to the transducer surface. The data can be considered as acquired by using one virtual element in transmit and receive.
Thus, synthetic aperture focusing can be applied on the beamformed RF lines from several emissions in order to increase the resolution in the elevation direction.
Let n, 1 5 n 5 N,, denote the position and N p be the number of several successive positions used for refocusing the data. The scan line s [ ( t ) beamformed at position n will be denoted as sj" '(t) . The final lines in the volume S,(t) are beamformed according to:
where w n ( t ) is a weighting coefficient and d,(r) is the applied delay. The delay necessary to focus at a given distance z (i 2 fez) is given by:
where c is the speed of sound and fez is the distance to the elevation focus.
The best obtainable resolution in the elevation plane after post focusing is expected to be 141:
Focusing using virtual source element
In the elevation plane the transducers are either unfocused or have a fixed focus, and hereby the scanned image has a poor resolution in this plane.
synthetic aperture
Figure 3: The beamforming stages for 3D focusing.
rotation, or a free-hand scan), as long as the exact positions of the focal points are known.
Simulations
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where h is the wavelength, and 8 is the angle of divergence -10 -5 -10 -5
Azimuth [mm] after the focal point. The variable k (k 2 I), is a coefficient depending on the apodization. For a rectangular apodization k equals 1 and for Hanning apodization it equals 1.64. Figure 4 : The 3-D point-spread function outlined at -10 dB.
The angle of divergence can be approximated by [3] :
where h is the size of the transducer in the elevation plane, and fez is the distance to the fixed focus in the elevation plane. Substituting ( 5 ) in (4) gives:
The simulations were done using the program Field I1 The whole process can be divided into two stages and is summarized in Fig. 3 . In the first stage a high resolution image is created using only a few emissions, say Nxmr = 5 as given in Fig. 1 . This is repeated for several positions. Then the beamformed RF lines from these images are delayed, weighted, and summed a second time using (2) to form the final 3D volume. The considerations so far have been only for transducers translated in the y direction. The synthetic aperture focusing is applicable for any kind of transducer motion (translation, Seven point scatterers lying at depths from 70 to 100 mm were simulated at 70 positions. The distance between every two positions in the elevation direction was 0.7 mm. Figure 4 on the left shows the -10 dB isosurfaces of the measured point-spread-functions (PSF). Then the beamformed scan lines were post-focused using N p = 30 planes to create one new plane. If a dynamic apodization is to be used, then the number of usable positions Np for depth z from the real transducer can be determined by:
Combining the two methods
Figure 4 on the right shows the PSF after the post focusing was applied. Table 2 shows the -6 dB resolution in the azimuth and the elevation planes. The lateral size of the PSF in the azimuth plane increases linearly with depth: 6X6dh = z sin$aB, (8) where $6& is the angular size of the PSF in polar coordinates.
The 6y6dB prior to the synthetic aperture focusing also increases almost linearly with depth, which shows that the beam is diverging with a certain angle as shown in Fig. 2 . After applying the synthetic aperture focusing 6}76& becomes almost constant as predicted by (6). A Hann window was used for w,, and this gives k M 1.6. Substituting h = 4 mm, fez = 20 mm, and h = 0.296 mm, gives 6~6 ,~ M 1.87.
Measurements
The measurements were done using the department's off-line experimental system XTRA [6] . The parameters of the system are the same as the ones used in the simulations and are given in Table 1 .
In [3] it is argued that due to the narrow angle of divergence after the focal point, the grating lobes are greatly suppressed. Therefore it is possible to traverse the elevation direction at steps Ay bigger than one wavelength h. Two experiments were conducted:
.
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A point scatterer mounted in an agar block 96 mm away from the transducer was scanned, at step Ay = 375 pm. The diameter of the point scatterer was 100 p.
A wire phantom was scanned at steps of Ay = 700 p. The wires were positioned at depths from 45 to 105 mm, 20 mm apart. At every depth there were two wires, perpendicular to each other. The diameter of the wires was 0.5 mm. Figure 5: PSF in the elevation plane: (top) before and (bottom) after synthetic aperture focusing. The innermost contour is at level of -6 dB, and the difference between the contours is also 6 dB.
The first experiment was conducted to verify the resolution achieved in the simulations. The goal of the second experiment was to verify that the resolutions in the elevation and azimuthal planes are comparable in size.
Using only a few emissions per plane corresponds to using a sparse transmit aperture. The use of wires as a phantom gives a good signal-to-noise ratio (compared to the 0.1 mm point scatterer) necessary to evaluate the level of the associated grating lobes. The SNR was further increased by using 11 elements in transmit to create a spherical wave instead of 1 as described in [2] . Figure 5 shows the PSF of the point scatterer in the elevation plane. The contours are drawn at levels 6 dB apart. Sixty planes (Np = 60) were used in the post-focusing. This maintains the same size of the virtual array as the one in the simulations. The achieved resolution at -6 dB is 2 mm and is comparable with the resolution obtained in the simulations. Figure 6 shows a -10 dB outline of the wire phantom. The image was beamformed using N,,, = 8 emissions per plane. The post focusing was performed using N p = 21 planes for each new. The image shows that the resolution in the elevation and azimuth planes are of comparable size.
One of the problems of the approach are the grating lobes. They can be caused by two factors: (a) using only a few emissions per plane and (b) using a large step Ay between two planes.
The step Ay must not exceed the size of the PSF at the elevation focus, in order not to get image with discontinuities. For a larger step Ay, a transducer with a higher F-number must be used. Such transducers have a smaller angle of divergence 8 and therefore the level of the grating lobes in the elevation direction is greatly suppressed. However, this is not 
Conclusions
An approach for 3-D scanning using synthetic transmit aperture in the azimuth plane followed by synthetic aperture post focusing in the elevation plane was presented. The acquisition is done plane by plane using a conventional linear array transducer. The obtained resolution in the elevation plane is Some of the measured data were supplied by Soren Pihl Rybro, Peter Foged Christensen, and Madalina Breten.
The measurement system was built by SOren Kragh Jespersen as part of his Ph.D. study.
